SUMMARY. We have used a spectrophotometric method to monitor mean free extracellular calcium concentrations in isolated left atria of guinea pigs via extracellular application of the calcium-sensitive absorption dyes, antipyrylazo III and tetramethylmurexide. Exchange of extracellular free calcium with the bathing medium takes several minutes and closely parallels contractile response in this preparation. Under conditions favoring a rapid positive force staircase response during repetitive stimulation after a long rest period (2-10 minutes), cumulative depletions of extracellular calcium can clearly be differentiated from motion artifact due to muscle movement by multiple-wavelength spectrophotometry. Responses of similar magnitude and characteristics are obtained with both dyes employed. In the presence of 10~7 M isoproterenol, the mean extracellular calcium concentration falls by at least 5% (0.25-0.8 mM total calcium concentration) in four beats at 0.5 Hz; extracellular calcium replenishes during rest with an apparent ti/2 of 25-60 seconds. A 10-minute pretreatment with 10" 8 M ryanodine greatly reduces the contraction force and motion artifact of the first beat after a rest period, whereby the magnitude of depletion response to one post-rest stimulation is increased 2-to 3-fold. With further ryanodine treatment, the magnitude of depletion responses remains stable, and the rate of calcium replenishment during rest increases many-fold. After ryanodine treatment and 10" 7 M isoproterenol, at least 10% of total dye accessible calcium (0.25-1.0 mM) is lost during two to five rapid stimulations, and returns to the extracellular space within 20 seconds of rest. Cumulative extracellular calcium depletion responses are strongly suppressed by 10~6 M nifedipine. Cumulative depletion responses are also inhibited by 10 mM caffeine, whereby contraction and corresponding motion artifacts are increased at post-rest stimulation. (Circ Res 53: 779-793, 1983) 
SUMMARY. We have used a spectrophotometric method to monitor mean free extracellular calcium concentrations in isolated left atria of guinea pigs via extracellular application of the calcium-sensitive absorption dyes, antipyrylazo III and tetramethylmurexide. Exchange of extracellular free calcium with the bathing medium takes several minutes and closely parallels contractile response in this preparation. Under conditions favoring a rapid positive force staircase response during repetitive stimulation after a long rest period (2-10 minutes), cumulative depletions of extracellular calcium can clearly be differentiated from motion artifact due to muscle movement by multiple-wavelength spectrophotometry. Responses of similar magnitude and characteristics are obtained with both dyes employed. In the presence of 10~7 M isoproterenol, the mean extracellular calcium concentration falls by at least 5% (0.25-0.8 mM total calcium concentration) in four beats at 0.5 Hz; extracellular calcium replenishes during rest with an apparent ti/2 of 25-60 seconds. A 10-minute pretreatment with 10" 8 M ryanodine greatly reduces the contraction force and motion artifact of the first beat after a rest period, whereby the magnitude of depletion response to one post-rest stimulation is increased 2-to 3-fold. With further ryanodine treatment, the magnitude of depletion responses remains stable, and the rate of calcium replenishment during rest increases many-fold. After ryanodine treatment and 10" 7 M isoproterenol, at least 10% of total dye accessible calcium (0.25-1.0 mM) is lost during two to five rapid stimulations, and returns to the extracellular space within 20 seconds of rest. Cumulative extracellular calcium depletion responses are strongly suppressed by 10~6 M nifedipine. Cumulative depletion responses are also inhibited by 10 mM caffeine, whereby contraction and corresponding motion artifacts are increased at post-rest stimulation. (Circ Res 53: 779-793, 1983) TWO METHODS have been used most widely to attempt to quantify the magnitude and characteristics of transsarcolemmal calcium movements in intact cardiac muscle: radioisotope flux measurements (Winegrad and Shanes, 1962; Grossman and Furchgott, 1964a, 1964b; Langer and Brady, 1968; Niedergerke et al., 1969; Shine et al., 1971; Hunter et al., 1981; Lewartowski et al., 1982) and voltage clamp analysis (Beeler and Reuter, 1970; New and Trautwein, 1972; Isenberg and Kloekner, 1982) . The former approach is not only limited temporally by the rate of calcium exchange with extracellular spaces, but also by the uncertainty of cellular identification of flux components (Langer et al., 1979; Barry and Smith, 1982) . The latter approach provides quantifiable information only about calcium influx via 'slow channels,' with reliability depending on the quality of the voltage clamp in cardiac muscle, assumptions about sarcolemmal surface area, and the analytic separation of multiple overlapping currents (Johnson and Lieberman, 1971; Fozzard and Beeler, 1975; Beeler and McGuigan, 1978) . Recent developments in both these areas underscore the continuing conflicts in this field and the desirability of developing a complimentary method. Isenberg and Kloekner (1982) have shown in single cardiac cells that slow calcium inward current may be many times larger than values derived from multicellular preparations. Lewartowski et al. (1982) have presented calcium flux data from a quiescent Langendorff preparation of guinea pig heart indicating a net calcium influx of more than 100 ^mol per kg wet weight with single 'rested state contractions ' (Koch-Weser and Blinks, 1963) in the presence of 1.8 mM extracellular calcium, an order of magnitude greater influx than generally accepted. Furthermore, most of the calcium taken up at one beat can apparently be released to the extracellular space at a single subsequent beat.
Particularly the work of Lewartowski et al. (1982) , if correct, would challenge the most widely considered concepts of excitation-contraction coupling in cardiac muscle (Bassingthwaighte and Reuter, 1972; Morad and Goldman, 1973; Kaufmann et al., 1974; Reuter, 1974; Allen et al., 1976; Edman and Johannsson, 1976; Fabiato and Fabiato, 1979; Langer, 1980) . The characteristics of these calcium movements (possibly large calcium influx, uptake by an intracellular store, and release to the extracellular space at a subsequent beat) correspond strikingly to those expected from a refined version (Mensing, 1979 ) of Langer's (1974) one-way model of calcium movements in mammalian heart. Mensing postulated the existence of a potential-sensitive calcium channel or pore in the couplings between junctional cistemae of sarcoplasmic reticulum (SR) and the sarcolemma. Calcium entering the sarcoplasm would normally be largely taken up by the SR, and at the next beat would be released via these channels to the cell surface, from where it would either be lost to the extracellular space or reenter the sarcoplasm via slow calcium channels and electrogenic sodium-calcium exchange at each activation (Mensing, 1979; Hilgemann, 1980; Mensing and Hilgemann, 1981) . The validity of the measurements of Lewartowski et al., however, depends completely on the assumption that extracellular exchange of calcium is not enhanced by single contractions, as concluded from control experiments with tracer amounts of nickel.
We report here on the application of a spectrophotometric method to monitor, with moderately high resolution, mean free extracellular calcium levels in isolated muscle preparations. A calcium-sensitive absorption dye, antipyrylazo III (Scarpa et al., 1978; Palade and Vergara, 1981) or tetramethylmurexide (Ohnishi, 1978) , is applied extracellularly, and a patch of muscle is illuminated. Transmitted light intensities or absorption levels at several wavelengths are monitored to allow separation of calcium-related from movement-related light changes. Isolated left atria of guinea pigs were considered an advantageous preparation with which to test this technique, since its flat nature allows illumination of a relatively large area. Pharmacologial means were used to enhance calcium influx and to attempt to establish a relationship between contractile staircase responses and transsarcolemmal calcium movements. Although this preparation usually responds to stimulation after a rest period with first a negative force staircase (Koch-Weser and Blinks, 1963; Hilgemann, 1980) , ryanodine greatly decreases tension development after rest periods and reverses this pattern to a positive staircase response (Hajdu, 1969; Furchgott, 1964; Hilgemann, 1982) . There is general agreement that, in mammalian myocardium, rapid 'beat-dependent' positive force staircases correspond to cumulation of calcium at a cellular release site (Mensing and Hilgemann, 1981) . Under conditions favoring such responses, substantial cumulative extracellular calcium depletions were found in each of more than 40 preparations studied and are considered the first step toward a characterization of transsarcolemmal calcium movements in heart with this method.
Circulation Research/Vo/. 53, No. 6, December 1983 Methods Muscle Preparation and Chamber Guinea pigs (300-600 g) were injected ip with 2000 USP units heparin 20 minutes before sacrifice by ip injection of 500 mg pentobarbital. When deep anesthesia was reached, hearts were excised rapidly, and the aorta was canulated for retrograde perfusion for 10 minutes with the bath solution described below (2.5 mM calcium) to remove blood from the vasculature. The left atrium then was cut free and transferred to a dissection chamber with oxygenated bath solution. Muscle area surrounding the AV valve was cut away to leave a large hole to the atrial lumen. Preparation thickness was determined by passing atria through a micrometer. Values given are for both atrial walls taken together. The lateral edge of preparations was translucent (0.6-1.2 mm) and relatively homogeneous; thickness increased toward the AV area (0.8-1.4 mm). Preparations then were fastened in a clamp and mounted horizontally in the muscle chamber described below, so that a relatively homogeneous portion of the lateral edge covered the end of a fiber optic probe in the base of the chamber. The probe was clearly visible through the preparation with even weak background room lighting.
The plexiglass superfusion chamber, diagrammed schematically in Figure 1 , consisted of a bath reservoir for oxygenation with appropriate connections to the actual muscle chamber constructed so that a rapid flow of bath solution is maintained directly toward the muscle by the gas lift principle (Blinks, 1965; Mensing, 1977) . Flow speed through the muscle area of the chamber system was about 5 cm/sec. Due to this high rate of fluid movement, adequate superfusion of the preparations could be maintained with quite small bath spaces above and below the muscle. Superfusion could be checked by dye injection and the presence of a rapid fall of transmitted light intensity (see below), which corresponds to bath solution movement past the muscle. Total bath solution volume was 12 ml. A small piece of nylon stocking stretched tightly over the reservoir outlet hindered movement of bubbles to the muscle area. Bath temperature was maintained at 26-28°C via a power resistor with glass lining at the return of bath solution to the reservoir. Muscles were stimulated via a small isolated platinum electrode (not shown) located between the two slightly raised muscle mounts outlined in the figure. A platinum plate electrode mounted on the side of the chamber served as an indifferent electrode. Stimulation was set at twice threshold values with 0.5-to 2.0-msec duration (Grass square wave impulse generator). For rapid step changes of the bath calcium concentration in experiments, calcium was added from concentrated stock solutions with microsyringes.
The chamber was 3 mm deep around the muscle, and a fiber optic probe was mounted in the base of the chamber beneath the muscle. The probe could be moved upward toward the muscle to reduce the light path through the bathing solution. For experiments with the 'wheel' spectrophotometric method (see below), the chamber was dosed with a coverslip. For experiments with the simplified method described below, the fiber optic probe for light collection was simply immersed in the bath solution above the muscle. The visible light from the arc lamp was without detrimental effect on muscle function, even over the course of hours. A capacitance transducer was used to monitor developed force with preload set at a point close to, but not more than, the maximum of the 'Frank-Starling' relationship. When the 'wheel' method was used, the distance from the input fiber optic to the cover slip was set prior to the experiment. When the trifurcated fiber optic method was used, the distance between the fiber optics was set during the experiment, and was measured after the muscle was removed at the end of the experiment.
The bath solution had the following composition: 130 mM NaCl; 6 mM KC1; 0.5 ITIM NaH 2 PO 4 ; 15 mM dextrose; 10 mM HEPES; CaCl 2 as given in text and figures; 5.0 mM MgCl for antipyrylazo III experiments; 0.5 mM MgCl for tetramethylmurexide experiments; 0.2 mM ascorbic acid; pH 7.4; 100% O 2 . Ascorbic acid was included to inhibit oxidation of isoproterenol, when present. Bicarbonate buffer was not used to avoid calcium buffering by the muscle bath. High magnesium was used in antipyrylazo III experiments for reasons given below. Prior to light measurements, the atria were stimulated at 0.5 Hz for 45 minutes with 2.5 mM calcium, and then equilibrated for 40 minutes with the dye being used in the given experiment. Antipyrylazo III, ascorbic acid, caffeine, and isoproterenol were purchased from Sigma. Calcium standard (100 mM) was from Orion. Propranolol was from Ayerst, nifedipine was from Bayer. Ryanodine was a generous gift of Dr. E.F. Rogers (Merck, Sharp and Dohme). Tetramethylmurexide was a generous gift of Professor S.T. Ohnishi (University of Pennsylvania).
Spectrophotometry
Two spectrophotometric methods were used in this work: (1) The rotating wheel method of Chance et al. (1975) . Collimated light from a 100-W mercury vapor source was filtered by a set of interference filters mounted on a wheel driven by air at 100-250 RPS. Spectral responses of the dyes employed are sufficiently broad to allow the use of relatively wide band passes (20 nm), thereby ensuring relatively high light levels. Transmitted light was passed to the underside of the muscle via a fiber optic 3 mm in diameter, and emergent light was detected with a photomultiplier. The signals then were separated electronically into components corresponding to the different wavelengths, which were amplified to give equally large signals at each wavelength. From the individual signals, offset close to ground, continuous signals were produced, amplified logarithmically so that signal changes were proportional to absorbance changes, amplified again, and recorded on Heathkit SR-206 dual channel strip chart recorders (response time constant ~150 msec). The electronics of the system had to be modified slightly to allow the monitoring of each wavelength individually. Arrows given in figures employing this method correspond to absorbance changes of about 0.025 absorbance unit, based on the electronic calibration used in this system. These values are approximate (±30%), due to the fact that signals at the various wavelengths could not always be completely 'equalized' as foreseen with this method. It was not possible to insert neutral density filters in the light path for a more accurate calibration during experiments.
(2) For our purposes, we found a simpler spectrophotometric method to be advantageous. The collimated light from the mercury vapor source was filtered to block 1R and UV components (820 nm IR cutoff filter; 420 nm UV cutoff filter), condensed to the end of the 3-mm fiber optic probe, and passed to the muscle as above. Emergent light from the muscle was collected in a fiber optic probe 5 mm in diameter, which was immersed into the bathing solution above the muscle. This probe trifurcated randomly, allowing three wavelengths to be monitored continuously via interference filtering and light detection by photomultipliers (EMI-GENCOM; RFI QL 30) or photodiodes (EGG, PV444A). Maximum incident angle at the interference filters was 15°, large enough to affect somewhat the wavelength characteristics of interference filtering. The compromise made here between degree of collimation and amount of light accepted meant that the most divergent portions of the available light were measured at about 15 nm below the filtering wavelength for normal incident light (20-nm bandpass). After current-to-voltage conversion, signals were offset, amplified, and recorded as above. Calibrations were made with a 0.10 A neutral density filter placed at the light housing output; calibration bars are given for each wavelength in figures with this method, corresponding to 0.01 A. Stability and regulation of the mercury vapor light source was the factor determining signal noise, over which we had least control with both spectrophotometric methods.
Signals presented in this paper with antipyrylazo III were recorded with the first method, and those with tetramethylmurexide were recorded with the second method. Antipyrylazo III signals were also reexamined with the trifurcated fiber optic method. This work confirmed the quantitative estimates of extracellular calcium depletions with antipyrylazo III described in Results. Furthermore, responses as described were recorded by monitoring light at individual wavelengths with monochromatic illumination. In selection of signals for presentation, we have attempted to give enough records at calciumindependent wavelengths (either at an isosbestic point or at a wavelength where the dye does not absorb) to demonstrate clearly the possible influence of motion or other calcium-unrelated artifacts in calcium-dependent signals, while not allowing figures to become unnecessarily complex.
Recordings were cut out and rearranged so as to synchronize them in time for preparation of figures. Some recordings were not dark^enough for high contrast photography, and were darkened with a fine black pen. Care was taken to preserve all signal detail. In all recordings 782 Circulation Research/Vo/. 53, No. 6, December 1983 presented, an upward swing of the signal corresponds to a decrease of light intensity or an increase of absorbance. We have given calibrations with the second method, as well, in terms of absorbance, based on the approximate linear conversion of light intensity changes (AI/I) to absorbance changes (AA) in the range of magnitude measured here by AA = -0.434 X AI/I. For the largest light changes described in Results, this approximation would result in less than 5% error.
Dye Selection and Spectra
The calcium-sensitive absorption dyes, antipyrylazo III and tetramethylmurexide, were found to be suitable for this work. The affinity of these dyes for calcium is low enough, that free calcium concentrations are in the range of several hundred micromolar in the steep portion of the calcium concentration-absorbance response relationship. Since calcium-related light changes must be distinguished from movement-related light changes, absorbance shifts of the dye with changing calcium concentrations should be as large as possible. For a given small change of total calcium, absorbance shifts generally can be expected to increase with increasing dye concentration until calcium buffering by the dye limits this relationship. Therefore, the dyes were used in relatively high concentration. Murexide could not be used; we find the maximal solubility of murexide in the bath solution over prolonged periods of time to be only about 0.3 rriM, and absorbance shifts with calcium concentration changes are much smaller than those of antipyrylazo III at this dye concentration.
Antipyrylazo III was used in all experiments presented at a concentration of 0.3 mM with 5 mM magnesium. This concentration of magnesium increased the size of absorbance changes of the dye over the range of 520-550 run, and it decreased by approximately one-half the calcium buffer capacity of the dye in this concentration range as studied with a calcium electrode (Hilgemann, unpublished results) . In consideration of these effects, it should be kept in mind that magnesium, itself, also reacts with this dye (Scarpa et al., 1978) , and that multiple, stoichiometrically different complexes are probably involved in the antipyrylazo Ill-calcium interactions (Palade and Vergara, 1981) . Magnesium, 5 mM, exerts only a small negative inotropic effect in this preparation. Changes of the magnesium concentration or pH result in spectral shifts of the dye very different from the spectrum of light changes interpreted as cumulative extracellular calcium depletions in this paper (Hilgemann, unpublished results) .
Panel A of Figure 2 shows absorbance spectra of 0.3 mM antipyrylazo at given calcium concentrations with the standard bath solution used in these experiments (1-mm cuvette). Absorbance increases with increasing calcium concentrations over a broad range from 600 to 780 nm, and decreases over a range from 510 to 570 nm; 580 nm is an isosbestic point, which is not the case in the absence of magnesium (Palade and Vergara, 1981) . Panel B of the figure shows absorbance changes at the wavelengths studied routinely, and corresponding free calcium concentrations up to 1 mM total calcium. The absorbance responses at 680 and 530 nm are similar in magnitude up to about 0.4 HIM total calcium, which corresponds roughly to half saturation of the responses. Above 0.4 mM, absorbance changes at 530 nm become somewhat larger than at 680 nm. The relatively low free calcium concentrations in the steep portions of the calibration curve are advantageous for this work, since lower contractility minimizes the problem of muscle motion. These data, as well as data with tetramethylmurexide, were obtained with a DU-8 Beckman spectrophotometer and with an Orion (93-20-00) calcium electrode.
Tetramethylmurexide was used in all experiments presented at a concentration of 2.2 mM, which is close to the maximal concentration which could be dissolved in aqueous solutions of physiological ionic strength. This dye is essentially insensitive to both magnesium and pH changes over a large range (Ohnishi, 1978) . Panel A of Figure 3 shows spectra of 2.2 mM tetramethylmurexide in a 1-mm cuvette at the given calcium concentrations. Panel B shows absorbance changes at the wavelengths studied routinely in experiments (470, 580, and 680 nm) with corresponding free calcium concentrations. With increasing calcium concentrations, absorbance decreases over a wavelength range from 520 to 620 nm, and increases from 450 to 500 nm. Due to the high absorbance at wavelengths close to the isosbestic point (~515 nm), light could not be monitored accurately in that range. We used 470 and 580 nm as standard wavelengths in experiments with tetramethylmurexide, because absorbance shifts with calcium concentration changes are large, while baseline absorbance is not prohibitive. Note the lower affinity of tetramethylmurexide for calcium compared to antipyrylazo III under given conditions. Tetramethylmurexide can therefore be used with up to about 1 mM calcium, above which flattening of the calibration curve seriously reduces resolution. Calcium buffering by tetramethylmurexide is greater than by antipyrylazo III at the concentrations used.
Absorbance of tetramethylmurexide solutions began to decrease slowly after about 40 minutes. Apparently, both a bleaching reaction and a slow precipitation may be involved. Given enough time, even dilute solutions become pale, suggesting bleaching. With more concentrated solutions, crystal formation is detectable after 1 to several hours. We could find no means to inhibit or slow these processes. Therefore, the bath solution was periodically renewed when using tetramethylmurexide, and in no experiments presented would dye 'run-down' have resulted in a loss of more than 10% of the total active dye concentration.
Results

Extracellular Spaces of the Dyes
The extracellular spaces of antipyrylazo III and tetramethylmurexide were determined by both an uptake and washout procedure. Preparations were isolated as described above and equilibrated in the standard bath solution (2.5 mM calcium) for 20 minutes. For evaluation of dye uptake, the individual atria were then dipped, with agitation, for 2 seconds in a solution containing 1 mM of either tetramethylmurexide or antipyrylazo III to remove surface bath solution, transferred to a vial with 200 fil of the respective dye solution bubbled slowly with 100% O 2 , and incubated for 45 minutes, time enough for essentially complete dye equilibration as determined spectrophotometrically. The atria then were removed for dye washout, dipped for 2 seconds with agitation in bath solution without dye, and transferred to 10 ml of oxygenated bath solution without dye for 45 minutes. The wet weight of atria was determined after blotting on filter paper for 3 seconds. The apparent space occupied by dye was determined from uptake experiments by diluting 200 lA of the 1 mM dye solution with normal bath solution until the dye spectrum matched that of the 200 jxl incubation medium; the dilution volume was compensated for in calculation of the extracellular space. The amount of dye washed out was also determined photometrically, using dilutions of the original incubation solutions in bath medium as standards. The uptake extracellular space for antipyrylazo III was 45 ± 3 ml/100 g; the washout space was 42 ± 2 ml/100 g. The uptake space for tetramethylmurexide was 35 ± 3 ml/100 g; the washout space was 38 ± 3 ml/100 g%. All values reflect standard error for four atria. Washout spaces were also determined routinely after experiments during which preparations had been incubated with dye for hours, and values were not significantly different. These spaces are in the medium to upper range of values for standard extracellular markers in this preparation [e.g., sucrose, 38 ml/100 g; manitol, 54 ml/100 g (Little and Sleator, 1969) : thiocyanate, 41 ml/100 g (Grossman and Furchgott, 1964a) ; inulin, 33 ml/100 g (Fukuda, 1975) ]. They indicate, within the limits of this type of measurement, that the dyes do not cross the sarcolemma or accumulate at other cellular locations.
In this regard, it has been reported that tetramethylmurexide enters isolated sarcorubular vesicles during active calcium uptake (Ohnishi, 1979) . However, this effect is blocked by permeable anions, and does not seem to be relevant to the question of cellular distribution of this dye in the present work. Further observations were also consistent with a simple extracellular distribution of the dyes. Injured tissue or cut edges, as well as chemically 'skinned* preparations, take on a much deeper staining than healthy tissue. Light responses consistent with an intracellular penetration are not found. Neither dye exerts inotropic effects in this preparation after compensation for calcium binding (Hilgemann, unpublished results) .
Light Signals under Control Conditions and the Problem of Motion Artifact
light changes due to muscle movement are the primary obstacle to resolution of transsarcolemmal calcium movements with this method. In the absence of dye, the atrial preparations used here reduce transmitted light in the experimental set-up by roughly 20% at 800 nm; with decreasing wavelengths, transmitted light is reduced increasingly up to 90% at 450 nm. Characteristically, contraction of the muscle causes a "motion artifact" on light signals, Total Calcium (mM) which is similar in shape and magnitude over the range of visible wavelengths. The motion artifact parallels quite closely the contractile response, and in the great majority of preparations, transmitted light intensity falls during the contraction. Contractile phenomena such as latency relaxation, aftercontractions, and creep, when present as with high calcium or sometimes immediately after isolation, are represented in light signals more strongly than in force signals. Light changes, in such cases (as well as for stretch of the muscle), are similar over the range of visible light wavelengths in the great majority of preparations. The shape of the motion artifact can be changed considerably by repositioning the muscle, so that it may reverse or become biphasic in extreme cases. In those few cases in which the shape of motion artifacts was dependent on wavelength, wavelength independence could be established by repositioning the muscle or the light sensor. Such manipulations did not, however, change the characteristics of signals interpreted as extracellular calcium depletions, described below. Motion artifact signals are presumably due to changes in the absorbance and scattering of light during contraction resulting from, for example, muscle thickening. Figure 4 illustrates the problem of motion in light signals for this work. The figure shows typical signals at 800, 680, 580, and 530 nm under control conditions with 0.3 mM antipyrylazo III and 0.4 mM total calcium. After a 5-minute rest period, the muscle was stimulated at 1.5 Hz for 1 minute, followed by rest for 2 minutes with a few spontaneous beats, and again stimulation at 1.5 Hz for 1 minute. The light signals reflect primarily the contractile activity of the preparation with a slowly cumulating contractile staircase during post-rest stimulation; the usually large rested state contractions of this preparation are inhibited by the choice of a relatively low bath temperature (Kruta, 1938) . Note that contraction artifacts are quite similar at all wavelengths in the presence of dye, as well as without. Here, the 800-nm contraction artifacts begin smaller and increase more steeply during the staircase response than at lower wavelengths. Note that diastolic absorbance increases and decreases somewhat at 530 and 680 nm, respectively, during stimulation. These diastolic absorbance shifts have the characteristics expected for a depletion of extracellular calcium, although the magnitude of the those changes in relation to the size of the motion artifacts is small. pected for a calcium concentration shift with antipyrylazo III under the employed conditions. That is, absorbance shifts are opposite in direction at 530 and 680 nm, and the response is absent at 580 and 800 nm. (2) Such wavelength-dependent absorbance shifts are not found without dye. Based on calibrations, as described below, the diastolic absorbance changes described here would correspond to a reduction of the mean extracellular calcium concentration by 15-20 /XM of the 400-^M total during the 1-minute stimulation period.
Calibration Techniques and Equilibration of Extracellular Calcium
We have used two means to calibrate extracellular calcium depletion responses. The first approach is illustrated in Figure 5 , which shows typical time courses for equilibration of signals after a step increment of the bath calcium concentration, made after complete equilibration of the dye employed (antipyrylazo III) as determined optically. The total bath calcium concentration was doubled at the bar in the figure from 0.25 to 0.5 mM during continuous 0.2 Hz stimulation. Isoproterenol (3 x 10~8 M) was present throughout to keep tension development moderate, despite the low bath calcium concentration. As shown here, equilibration of the calciumdependent absorbance responses (680 and 530 nm) takes place in two clearly defined phases. A fast phase taking just a few seconds corresponds to the time course of equilibration of the bath chamber system. Its magnitude is determined by the length of the light path, set by the position of the fiber optic probe. The slow phase takes several minutes to equilibrate and, presumably, corresponds to equilibration of the extracellular space of the muscle with the bathing medium. Similar equilibrium patterns are obtained with both dyes, as well as for other cations which react with the dyes (e.g., cobalt and lanthanum), and the dyes themselves. The time course of the slow phase was similar whether the muscle was stimulated or not. Here, the slow phase is considerably larger than the fast phase; the muscle was relatively thick (1.1 to 1.2 mm), and the total light path was 1.3 mm. Normally, the light path could be set longer while still maintaining adequate illumination. The figure illustrates that superfusion can be maintained with the muscle chamber system, even when the light path is kept small. Otherwise, there would not have been a rapid phase of equilibration. The quite good temporal correlation between slow diastolic absorbance shifts and contractile response is typical, regardless of the light path length and flow conditions. It would indicate that the developed tension response to step changes of the bath calcium, in a superfused preparation such as this, is a quite good monitor of the mean free extracellular calcium concentration. With further increments of the bath calcium concentration up to 10 mM, the proportions of slow and fast phases remain similar, and absorbance shifts saturate as expected from dye calibrations while motion artifacts increase further (no curves presented for brevity). 
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Circulation Research/Vol. 53, No. 6, December 1983 The total diastolic absorbance responses here are about 0.05 absorbance unit. This corresponds reasonably to the expected dye response in the predicted light path occupied by dye (0.7 mm, corresponding to 0.6 mm extracellular space of the muscle and 0.1 mm extramuscular bathing medium). On the basis of many experiments of this kind with both dyes and over a large range of calcium concentrations we have seen no consistent evidence that the dye response is altered by the extracellular environment of the muscle. From such curves made during each experiment for one or more calcium concentration changes in the range of the experiment, depletion responses as described below can be calibrated. Absorbance shifts due to activation sequences are simply related to the size of the slow phases of equilibration after calcium concentration changes in the range of measurement.
The second method of calibration is to relate the absolute size of absorbance changes found in experiments to dye calibrations made in a spectrophotometer. To do so, the light path of the extracellular space occupied by dye is estimated on the basis of the preparation thickness and the extracellular space of the dye employed. Absorbance changes at a given wavelength are related to changes of mean total extracellular calcium by the following relationship: ACm = ACc/AAc X 1 mm/Dm X 100/Sm X AAm. ACm = mean change of total extracellular, dyeaccessible calcium concentration ACc = change of total calcium in calibration solution AAc = change of absorbance measured in a 1-mm cuvette Dm = muscle thickness in mm Sm = percent extracellular space of the muscle AAm = change of absorbance measured in muscle This calculation assumes a homogeneous distribution of dye in the extracellular space of the muscle, as seems to be the case, whereas the method based on signal equilibration to changes of bath calcium concentration does not. Both calibration methods depend on the relative linearity of dyecalcium absorbance response relationship up to the calcium level of measurement. Figure 6 presents typical signals obtained using antipyrylazo III (0.25 mM calcium) in the presence of strong 0-adrenoceptor stimulation by 10" 7 M isoproterenol, which increases slow calcium inward current in cardiac muscle (Tsien, 1977) . After a 3-minute rest period, the muscle was stimulated twice for 10 beats, followed by rest for 100 seconds and then once for four beats (0.5-Hz stimulation). Amplification of the 800-nm signal is twice that of the 530-, and 680-, and 580-nm signals to make the motion artifact roughly the same size at all wavelengths. During 10 beats, absorbance increases and decreases at 530 and 680 nm, respectively, and returns toward baseline levels during rest with an apparent half-time of about 30 seconds. The 580-nm signal also shows a smaller diastolic absorbance shift. However, during and after four beats at 0.5 Hz, the diastolic absorbance at 580 nm is completely stable, whereas diastolic absorbance shifts at 530 and 680 nm are nearly as large as for 10 beats.
Signals in the Presence of Isoproterenol
Immediately after these curves were made, the bath calcium concentration was increased from 0.25 to 0.4 mM calcium (no curves shown for brevity), and absorbance shifts were followed until complete equilibration was reached (8 min). Total diastolic absorbance shifts at 680 and 530 nm, opposite in direction, were in a ratio of 1.0:1.3. Absorbance shifts for the four-beat depletion response have a ratio of 1.0:1.2 (680 nm:530 nm). For the step calcium change, the magnitude of fast and slow phases of equilibration had a ratio 1.0 to 0.8 at both wavelengths. The four-beat diastolic absorbance shifts at 680 and 530 nm were 21% and 18%, respectively, of the corresponding slow phases for the 150-//M bath calcium increment. For the 680-nm response that would be 31 /AM; for the 530 nm response that would be 27 fiM. In individual experiments, some baseline drift could affect the accuracy of this calibration technique, but such effects could not be systematic from experiment to experiment, or at different wavelengths. We conclude that the depletion response reflected in these signals could not be less than 20 /XM, based on this means of calibration.
The diastolic absorbance shifts at 530 and 680 nm are about 0.005 absorbance unit (opposite in sign), for the four-beat response. The muscle was maximally 1 mm thick (maximally 0.5 mm extracellular space in the light path). Based on 'cuvette' calibrations of the bath solution, these signals correspond to a mean of 30 ^M fall of total extracellular calcium by the end of the fourth beat. As pointed out in Methods, there is a 30% uncertainty about this calibration, due to the problem of measuring absolute absorbance shifts with the 'wheel' method. However, very similar quantitative results have been obtained with the bifurcated fiber optic method and, also, with tetramethylmurexide, under these conditions (see Figure 11 for an example of a single-beat depletion response).
Action of Ryanodine on Cumulative Extracellular Calcium Depletion Responses
As mentioned in the introduction, a brief treatment with submicromolar concentrations of ryanodine selectively and irreversibly inhibits contractility in a low frequency range in this preparation. Interestingly, atrial muscle then displays some of the functional characteristics of ventricular muscle. For example, in the presence of isoproterenol, a large positive tension staircase develops in just a few beats during stimulation after a rest period. Typical oscilloscope tracings of the first four beats at 1 Hz stimulation are shown in Figure 7 (2 rrtM calcium; 10-minute pretreatment with 10~7 M ryanodine; 10~7 M isoproterenol). Note the long rested state contraction and contraction shortening from beat to beat. This behavior is typical of kitten or guinea pig ventricle in the presence of adrenergic stimulation alone (Beresewicz and Reuter, 1977; Reiter et al., 1978) . At the low free calcium concentrations of the present experiments, the developed force of the first one to four beats is extremely small, less than 1 % of force developed with 5 I TTM calcium during steady stimulation. Under these conditions, all atria tested developed a large extracellular calcium depletion during the first post-rest beats. Figure 8 presents an example of an atrium which showed only slight calcium depletion response with isoproterenol alone (0.35 mM calcium; 0.3 mM antipyrylazo III). The continuous 680-and 530-nm signals are shown for the following stimulation pattern (20-minute pretreatment with 10~7 M ryanodine, 10~7 M isoproterenol); stimulation at 1.5 Hz for 40 seconds, then rest for 2 minutes, 2 beats at 1.5 Hz, rest, 1 beat, rest, 5 beats at 1.5 Hz, rest, 1.5 Hz for 40 seconds, rest for 2 minutes, stimulation for 7 beats at 1.5 Hz, rest, and finally steady stimulation at 0.5 Hz, followed by rest. With steady stimulation at 1.5 Hz, absorption levels at all wavelengths fall off after some seconds. However, up to 7 beats, or at lower frequencies, the problem of motion is minimal. The calcium calibration bar corresponds to the size of the slow phase of calcium equilibration found when the bath calcium concentration was increased from 0.35 to 0.5 mM, similar in magnitude but opposite in sign at these wavelengths. Both this calibration technique and the 'cuvette' technique, based on absolute absorbance changes, would indicate that, in this muscle, about 20% of total calcium accessible to dye in the extracellular space of the muscle is lost during 7 beats at 1.5 Hz; calibrations are considered in more detail below. During continuous stimulation at 0.5 Hz, diastolic absorbance returns toward baseline levels, over the course of several minutes. Presumably, this time course represents calcium diffusion into the depleted areas of the extracellular space from the muscle bath. Note the increase of motion artifacts during this time. Finally, note that the fall of absorbance levels during continuous 1.5-Hz stimulation continues into the rest period, such that return of the 530-nm signal toward baseline during rest appears to be faster than at 680 nm. The 530-nm signal actually drops down below baseline. This observation was made consistently in experiments with both dyes. Figure 9 illustrates signals obtained with tetramethylmurexide under similar conditions (0.5 mM total bath calcium; 10-minute pretreatment with 10" 7 M ryanodine, 10~7 M isoproterenol). Signals at 680 (minimal dye absorbance), 580 (increasing absorbance with decrease of calcium), and 470 nm (decreasing absorbance with decrease of calcium) are given for the following stimulation pattern: 6 beats at 1.5 Hz, rest, 2 beats at 0.5 Hz, rest, 3 beats at 1.5 Hz. The monotonic fall of absorbance at 580 and 470 nm corresponds to run-down of the dye. For the first 2 beats of 6, motion is minimal at this calcium concentration, whereas, absorbance at 580 and 470 nm increases and decreases, respectively, as expected for a cumulative extracellular calcium depletion with this dye. During the fourth to sixth beats, contraction artifacts develop. During the third to sixth contractions, diastolic absorbance at 680 nm increases somewhat and then decreases into the 580 nm diastolic period. These changes are, however, considerably smaller than diastolic absorbance shifts interpreted as extracellular calcium depletions at the other wavelengths. Figure 10 shows typical signals obtained with tetramethylmurexide using 1 mM total calcium (0.5 mM free calcium; 10 minutes pretreatment with 3 X 10~8 M ryanodine; 10~7 M isoproterenol). The stimulation pattern was as follows; rest, 2 beats at 1 Hz, rest for 2.5 minutes, 2 beats at 1 Hz, rest for 3 minutes, 1 beat, rest for 15 seconds, 2 beats at 1 Hz (here the first contraction artifact was observed), rest for 40 seconds, 1 beat, rest for 2 beats, 3 beats at 1 Hz (contraction artifact at the third beat), and, finally, one beat. These signals were made immediately after dye equilibration and before dye rundown became significant. With the higher calcium concentration, substantial contraction artifacts develop at the third and subsequent repetitive stimulations, but the first two stimulations still result in virtually no contraction artifact. The absolute size of absorbance shifts for one-or two-beat depletion responses with tetramethylmurexide is approximately maximal at 1 mM total calcium concentration; with higher calcium concentrations, depletion responses decrease due to dye saturation, until, at 10 mM, light signals reflect virtually only motion due to the higher contractility (no curves presented for brevity). These particular signals illustrate a negative contraction artifact. Nevertheless, responses interpreted as an extracellular calcium depletion are the same as when the motion artifact is positive. The absorbance shifts at 580 and 470 nm for the two-beat responses are 0.011 and -0.013 absorbance units, respectively. The muscle was 0.7-to 0.9-mm thick. Taking 0.8 mm as the average thickness, an extracellular space of 40%, and based on absorbance shifts of bath solutions containing 0.9 and 1.0 mM total calcium, the 470-nm response corresponds to a depletion of 11% of the total extracellular calcium, or 97 JXM mean fall of the total extracellular calcium concentration. Similar calculations for the 580-nm response give a depletion value of 12% of the total extracellular calcium concentration. Taking absorbance differences of solutions with 1 mM and 0 mM calcium as the basis for calibration, these values would be 9 and 10%, respectively, or at least 45 jiinol/kg wet weight for the two beats (at least 22 jtmol per kg wet wt. for one post-rest beat). Calculations based on step changes of the bath calcium concentration were always at least this large.
Effects of Progressive Ryanodine Treatment and Reduction of Depletion Responses by Removal of Isoproterenol
Figure 11 presents typical progressive effects of ryanodine treatment on one-beat depletion responses measured with tetramethylmurexide in the presence of 10~7 M isoproterenol. Panel A shows the effect of one beat with strong adrenergic stimulation preceded by a 10-minute rest period. Note that return of signals toward baseline after the single contraction is very slow, and many minutes rest were needed before the respose could be repeated in this preparation. Between panels A and B, the muscle was treated with 10 M ryanodine for 10 minutes, and bath solution was exchanged for fresh solution with no ryanodine. Afterwards (panel B), a single beat results in almost no contraction artifact, and the size of absorbance shifts is increased by about a factor of 3. Return of the signals toward baseline only just begins in the given time period. The muscle was then exposed continuously to 10~7 M ryanodine. Afterwards (panel C), a single beat results in a depletion response of about the same magnitude, but signals return toward baseline at a greatly accelerated rate. Apparent half-time here is about 15 seconds, and this time course accelerates further with time. Between panels C and D, the bath solution was exchanged five times for solution without isoproterenol, and 10" 
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magnitude as at a single beat with 1CT 7 M isoproterenol. The response to 2-Hz stimulation increases further over 15-20 beats, and return of signals to the baseline levels has an apparent half time of around 6 seconds.
Inhibition of Depletion Responses with Nifedipine
Panel A of Figure 12 shows typical depletion responses after a relatively strong ryanodine pretreatment (10~7 M for 30 minutes; 10~7 M isoproterenol, 0.5 M calcium, 2.2 mM tetramethylmurexide) to repeated stimulation for four beats at 2 Hz, followed by rest periods just long enough for signals to return to baseline. Note the speed of depletion replenishment. Dye run-down is considerable during these curves. Panel B shows signals for the same stimulation pattern after 40 minutes of incubation with 10~6 M nifedipine; the bath solution was renewed between these responses. Strong inhibition of isoproterenol-stimulated depletion responses by nifedipine has been verified, as well, using antipyrylazo III.
Inhibition of Depletion Responses with Caffeine
Panel A of Figure 13 shows typical depletion responses of a ryanodine-pretreated atrium (3 X 10~8 M for 15 minutes; 10~7 M isoproterenol; 0.8 rrtM calcium; 2.2 ITLM tetramethylmurexide) to 1 post-rest cium; 2.2 mM tetramethylmurexide) to 1 post-rest beat, followed by rest for 30 seconds, 3 beats at 1 Hz, followed by rest for 70 seconds and 1 beat followed by rest. Panel B shows the light responses to the same stimulation pattern after application of 10 mM caffeine. Morion artifacts reflecting contractions appear, and depletion responses are virtually abolished. The effect of caffeine was studied with both dyes, and under a variety of conditions resulting in depletion responses. In all cases, caffeine at concentrations greater than 1 mM reduced cumulative depletion responses markedly.
Discussion
Up to now, optical methods have been used in the study of cardiac electromechanical coupling primarily to characterize intracellular calcium transients by the aequorin method (Allen and Blinks, 1978; Morgan and Blinks, 1982; Wier and Isenberg, 1982) . Muscle movement does not seem to be a problem in that work, but-clearly-it is a major complicating factor in the application of the present method. The problem was best overcome in this study by selecting experimental conditions under which large transsarcolemmal calcium shifts take place in the near absence of contraction. An important feature of the dye method is the wavelength dependence of light signals, which allows good controls against artifactual results (e.g., opposite signals at appropriate wavelengths and monitors of motion artifact at calcium-insensitive wavelengths). The use of two dyes with different spectral responses in this study also supports the interpretation of signals presented as cumulative extracellular calcium depletions during post-rest stimulation. Furthermore, contractile responses could be dissociated from depletion responses by pharmacological means. Ryanodine, a negative inotropic agent, increases post-rest depletion responses. Caffeine, a positive inotropic agent under the conditions of these experiments, inhibits post-rest depletion responses.
The largest net calcium influx at single beats described here (about 20 /xmol/kg wet weight) with 0.5 rriM free extracellular calcium (1 mM total calcium) is about two times greater than maximal values expected from voltage clamping of multicellular heart preparations with 2 rr\M external calcium (Bassingthwaighte and Reuter, 1972; see also Beresovicz and Reuter, 1977) . The maximal depletions found in the present study with 2 to 7 beats would be in the range of calcium influx values suggested by Lewartowski et al. (1982) for single beats in guinea pig ventricle under their control conditions. The present results suggest, therefore, that an influx of such magnitude may be possible, although not necessarily physiological. The results would be consistent with the relatively large magnitude of slow calcium inward current found in isolated myocytes being characteristic of that current in intact cardiac muscle (Isenberg and Kloekner, 1982) . Activationdependent depletions of extracellular free calcium have also been described recently in intact cardiac muscle using calcium-sensitive microelectrodes. Dresdner et al. (1982) have reported in frog ventricle 20% decreases of free extracellular calcium with single beats. Bers (1982) has reported transient free extracellular calcium depletions in the early part of the contraction cycle in rabbit papillary muscle.
In comparing results using the dye method and the microelectrode method, some inherent differences should be kept in mind. The dye signals presumably represent a mean value of the total dyeaccessible extracellular calcium, including small restricted spaces which would not be reached with an electrode. There is no 'well* formation or cell injury with the dye method, which might influence the magnitude and kinetics of results. The improvement of the photometric dye method over radioisotope flux techniques is exemplified by results obtained in atria with a strong ryanodine treatment, whereby 10% of total extracellular calcium is depleted from and returns to the extracellular space within 15-20 seconds (Fig. 11) . This time course is much faster than turnover of the extracellular calcium from the bathing medium. Therefore, it was difficult to characterize the degree of acceleration of diastolic calcium efflux by ryanodine with radioisotope flux techniques (Frank and Sleator, 1975a) .
Ryanodine is generally thought to act in striated muscle at an SR site. In early work, the unloading of calcium from sarcotubular vesicles of both skeletal (Fairhurst and Hasselbach, 1970; Fairhurst, 1973) and cardiac (Nayler et al., 1970; Frank and Sleator, 1975b) origin was described. Calcium ATPase did not change or increased. Accordingly, results were interpreted in terms of an enhanced calcium permeability or uncoupling effect. In more recent work on isolated cardiac SR preparations, an enhancement of calcium uptake 0ones et al. Jones and Cala, 1981) has been described with concentrations of ryanodine more than three orders of magnitude higher than those necessary for the effects described in this paper. Interestingly, ryanodine acts on only one fraction of vesicles, which accumulates little calcium in the absence of high concentrations of ryanodine (Jones and Cala, 1981) . A possible enhancement of permeability at low concentrations would therefore not be detectable.
The inotropic actions of ryanodine on intervalstrength relationships of atrial muscle, at treatment levels which result in no change of contraction form during steady stimulation, can be simulated well by the assumption of a calcium "leak" induced by ryanodine in the SR cistemal membrane, resulting in the continual loss of calcium to the cytosol (Hilgemann, 1982) . The present work supports that concept. At lowest treatment levels, the SR becomes unloaded during long periods of quiescence with preferential inhibition or the rested state contraction in atrial muscle. Higher treatments result in acceleration of a rest decay process (loss of ability to contract after steady stimulation), corresponding to a loss of calcium from the SR with subsequent rapid extrusion across the sarcolemma. The relative lack of negative inotropic effect at high frequencies is consistent with three different models of calcium movements in mammalian heart, which assume that large portions of activator calcium turn over to the extracellular space at each beat (Morad and Goldman, 1973; Wohlfart, 1979; Mensing, 1979) . At high frequencies, therefore, diastolic efflux of calcium would be quantitatively negligible, and the rate of efflux could be increased several-fold without a substantial negative inotropic effect. At the rested state contraction, net calcium influx would be enhanced in atrial muscle because unloading of the SR would abolish activation-dependent calcium efflux. This interpretation is not incompatible with an inhibition of an SR calcium release mechanism at higher treatment levels.
Apparently, most of the calcium influx described in this paper takes place via "slow calcium channels." It is stimulated by isoproterenol and inhibited by nifedipine. It is of interest that the largest net calcium influxes were found under conditions where there was little or no force development. One possible explanation is that calcium entering the cardiac cell somehow enters the SR without mixing with the cytosol (Bassingthwaighte and Reuter, 1972; Morad 792 Circulation Research/Vo/. 53, No. 6, December 1983 and Goldman, 1973). A simpler explanation would be that intracellular free calcium levels simply did not reach levels necessary for activation of the contractile proteins. Intracellular calcium transients measured with aequorin support the idea that calcium requirements for contraction can vary markedly in dependence on the rate of SR calcium uptake (Morgan and Blinks, 1982) . When the SR is unloaded by ryanodine, it might accumulate calcium faster than normal, and effectively compete with the contractile proteins for calcium entering the cardiac cell. Consistent with the considerations of Beresewicz and Reuter (1977) , an inhibition of SR calcium accumulation by methylxanthines (e.g., caffeine) would allow more calcium entering the cell to reach troponin and activate contractions. Cumulative extracellular calcium depletions might be inhibited because calcium entering the cell at activation is extruded back across the sarcolemma. The slow rate of relaxation after caffeine treatment (e.g., Bunks et al., 1972) would correspond to the rate of sarcolemmal calcium extrusion.
In summary, it has been shown with a new method that extracellular free calcium in cardiac muscle can fluctuate significantly due to calcium influx via slow calcium channels, an influx mechanism stimulated by isoproterenol and inhibited by nifedipine. Under the conditions of these experiments, nearly all calcium influx is taken up by an intracellular store, probably SR, whose rate of efflux during quiescence is increased greatly by low concentrations of ryanodine, and influx which is inhibited by high concentrations of caffeine. Transiently, calcium concentration changes in restricted areas close to the sarcolemma would inevitably be larger than the mean values calculated for the total extracellular space.
